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TESTSOF CASCAIIESOF AIKFOIISF@ RETARDKOFLCW1

Ey YoshlnoriShimoyama

Testresultsare preqentfor ce~cadesof alrfollein retardedflow
and increasingpressureas corresponds“tothe case of’the 3mpellerof an
axialpropellerpumy and propeller fan.

Becauseof the

INTRODUCTION

varyingdistancebetweentheWades of machineeof
C@ propellerfv..+herprogressin the designof these

mach~neson thebasis of’the so-calledm&entum theory1s verydifficult.
The.aLlthO??hae alreddypointedout the difficultyin the designof such
machinesby ‘themomentumtheoryaloneend has fl~ly di~cl~ssed the possi-
bilityof reaolvl~~a ~reatmany of thesedifficulties-bythe application
of the recentlydevelopedairfoiltheory(reference1). However,in appl~
ing the airfoilthecr.yto the impellerthereis stillone po5.ntthathas
not been .sUff’icj.entlyclarified- namely,the prG131euof camade interfer-
ence.

Sincenear the normaloperati~ conditionsthe flow in all propeller-
Wpe ‘machinea m%?’be cowidered as axial,if the tmpellerIS cut along
the cylindricalcurfaceand developed,the problemcanbe reducedto that
of a pkne cascadeof ati~oils. Figure1 showsthe developedcylinder
for a propellerpwnp or propeUer blower, 2 being the airfoilchord,-t
the spacing, ~ the snglebetweenthe chordand the cascadedirection.
The flow enterswith velocity WI relativeto the cascade,is deflected
by the airi’oilsand flowsout with velocity W2. Worn thesethe average
velocity w~ ia obtainedad We angle e determinedwhichcorresponds
to the engleof att.nokcc for the requiredlift with re~pec~to wm.
The requiredlifti~ force is determinedwith reference.to the difference
wu~ - WU2 of the velocitycomponentsof the inletand outletvelocities
—..——. . —— ——--------
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2 NACA ~No. 1190

and Wz in the directionof the cascadeaxis and the gap-t=hord
Tatio t/1. A suitableairfoil.is chosenand frm the relationbetween
the lift coefficientand angleof attackfor the case of the isolated
airfoilIn two-dimensional.flow the angleof attack a correspondingto
the requiredlift ce.nbedetermined.1

Thismethod,which is based on the averagevelocity w., takesinto

accountthe cascadeeflfectto saneextentand it thusbecomesa question
of applyingthe resultsto the i.sole,tedairfoilin two-dimensionalflow.
Recentlythi~subjecthas receivedmuch theoreticalinvestigation.
I’?umachi(reference3) and Weinig(reference4) computedthe ratioof the
lift coefficientsfor the airfoilin cascadeand when isolatedfor a
cascadeof ylatefiand presentedtheirresultsgraphically.Schilhansl
(reference5) by an approximatemethodgavenumericalresultsfor the
plateand circulararc airfoil. btailed testresultsin thisfield
are verymea~er. On imyellerssuchas thoseof a propeller-typepump
or fan where the pressureincreasesalongthe bladesand the velocityde-
creaees- de~lotedhere as a retardedflowcascade- thereare,besides
the testsof Chri6tiani(reference6), onlytwo or threeotherinvesti-
gations. Sincenone of theseare in sufficientlygood agreementwith
theoretical.resultsmoi-e detailedtestsof wider scopeare necessary.

The authorhas undertakenteststo investigatethe interference
effectof retardedflow airfoilcascadeswithinthe scopeof the usual
propellerTump and-yrol.ellerfan, and the resultsof the completedtests
are here preeented.

‘TESTAI?I?ARATUSAND-PR(XXEIXJRE

A newlyconstructed~&cent$meter-squaretunnelwas especiallyused
for thispurpose(reference 7). The tunnelhad a 53-centimeter-square
exit cone. The flow past the cascademountedin the exit conewas de-
flectedduringthe tests. Sincethisdeflectionvariedwith the angle
betweenthe airfoilsettingand the inletflow direction,the flow past
the cascade,was dischargein the atmosphereto avoidturbulence.The
velocityin the bell differedfrom thatat the centerby an averageof
+0.4 and -0.2percent. .’Thestaticpressurewas practicallyuniformalong
the entiresectiocand therewas no rotationalcomponentof the velocity.
The airspeedwas ~enerslly30meter per second,mryin~ somewhatwith tlm
incidenceof the cascade.

— ..—

%n obtaining”Wti the lift coefficient,etc. the velocitycomponent
with respectto the drag in the cascadeaxis directionmust alsobe con-
sidered. On this,see reference2.
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The airfoilsectiunused in the testapproximatedtheG&Mngen air-
foilNo. 549;the chordwas 10 centimeters,and the span of 53 centimetm?s

“ ‘-wase“@alto the length“ofa sideof thebell. By appl.yln$end platesat
the tipe the flow obtained,was made to approachthe two-dimensional.Since
the idealcase of =, inf$nitenumberof airfoilblade8cannot$of course,
actuallybe realized,the testsgenerallywere conductedyith fiveblades
and, in somecases,’sevenand nine the resultsfor which“We a good appzwxi-
mationof the ideelcase of an infinitenuniberof blades. Sincethe pres-
suredifferedat the izile-tand outletsideeof the cascade,tap and bottom
plateswereplacedon the uptitieamside. Figures2 and 3 showthesear-
rangements,

The force actingon an airfo+l.of the cascadewae obtainedby nwLsur-
ing the -presmrredistributionoverthemiddlesectionof the centerair-
foil. Y’Qrthispurposethe centerairfoilslonpwas syeciallymade of
brass (theotherswere .4LImade ~f wood)and 20 mwiil.orificesof 0.25
centtietirdismeterwere arrangedover the middlesectionof thisairfoil
as indicated.in figurek and tubesineertedintothe airfoilled to a
multiple-tubemsxometero

The multiple-tubemanometerusedalcohol. l’hetubedtemeterswere
sufficientlylargeand.uniformso as to avoidcaplllarityerroras far
a8 po~sible. The glaEwtubesof themanometereechreceivedcareful
inspection.The pressureindicatedly thismanometarover the airfoil
section,the dynemicpressureat the inlet,the staticpremmre, and
otherrequiredrecordingswere simultaneouslyphoto~~aphed}and the
readingswere all obtained-fromthe dry plates. Ni,qure5 sho~~~ e~=
ampleof sucha photograph.With the aid of the lightreflectedfrcm
the surfaceof the liquidin the tubesa goodphotographcouldbe obtained.

The aq;le @l betweenthe cascade-axisdirectionsad the Mlet-fl.ow
directto~lwas detenuinedby the obliqueaz@e cut oflfby liheend platms
at the two sidesof the exitcone. Zach of the airfoilscxfthe cascade
was freelyrotatable. Sincethe directionof the chordcouldbe read on
a scaleas shownin figure6, the angle al betweenthe‘flaetve.Loci@
and the chordcouldbe regulatedas desired. ~ angle ~ betweenthe
cascadeaxisemd the chordas shownin ftgure2 is readilyobtainedfrom..

(1)

The staticpressureat the inletandthe velocityof the stress
weremeaqred with the aid of am NPL &pe pitottubelocatedat a
(fig.2). Sincethe locationof the pitottubewas at Eomedistance
from the centerairfoil,the lossesoccurri~ in betweepand the non-
Unifomnilqyof the Welocity,which,however,is slight,mustbe takeninto
accmult.‘Forthispurposea smellstaticpressureorificewas placedas
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near as possibleto the cascade’b,’ (fig.2) &ridiltepressuredropbe-
tweenthe~itottube and.thisorificewas measuredfor varying-al;
Sincethe lossesfrom b .to the centerairfoil.cannotbe measuredin the
presenceof the cascade,the differencein pressurebetween -b and c
with the airfoilsremovedis measuredand the pressuredropdue to the
lossesfrom the pitot tube location‘q to the centerairfoilcanbe
obtained.Moreover,if the difference%et~en the to~~ press~e meas~ed
by the pitottubeand the totalpressureat the leadingedge of the center
airfoilis obtainedand thisvalueis exactlyequslto the lossesincumed
on theway, the flow velocityat the pitottubeand thatat the centeral~
foil are equal. If this differenceis smaller(orgreater)thanthe losses
incurredon theway, the flow veloci~ at tm cen~r airfoilis greater
(orsmaller)than the flow velocityat tie pitottube. Thus it iS possible

.by thepitottubemeasurementsaloneto determinethe correctionson the
velocity.

In the tests P1 and t (or t/1) were held constantand al
varied,themultiple-tubemanometerwas photographedeach timeand the
pressuredistributionand otherrequiredreadingssimultaneouslyrecorded.
An exampleof such a photograph(fig.5) has alreadybeenmentioned.

The valueof Q for a yropellerpump or prolellerfan usuallylies
between10° and 30° and t/? between1 or 2, ratherlargevaluesbeing
used for the fan. If t/t is large,howeverlthe interferenceeffect
due to the neighboringairfoilsbecumessmallerand the testswere there-
fore conductedfor the followtngrangeof values: t/2 = 0.75,1, 1.5, 29
B1 = 10°,12.5°,15°, 17.5°,20°,22.5°,25°. For these28 combinations
sevenvaluesof ml were used - namely, al = - 50, -.2.5°,0°, 2.7°,7.5°,
10°. With t/Z and G as parametersa as the vzmiablethe liftand
dragcoefficientswere variedwith w end the effectof t/1 and 0 on
the chan,qein lift and drag coefficientsas com~aredwith the ieolatedair-
foil thuscouldbe determined.

IREX3ENTATIONCl?THE RESULTSAND PREEMJREDISTRIBUTION

The pressuredistributionwas firstmeasuredoverthe singleairfoil,
of the samesectionas that of the airfoil~cascadein two-dimensional
flow obtainedwith the sideplates. The pressureswere ell expressedas
fractionsof the dynamicpressureand plottedwith the chordand the
perpendicularto it as coordinateaxes.
Calling X and Y the forcesactingon
to the chord,respectively,resultsin

An example$s shownin figure7.
unitwidthalongand perpendicular

(2)
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The coeffictents Cy asd Cx -canbe obtainsdby msasuringthe areasof

the left and rightsi&, respectively,of figure7. In ~h~ foregoi%
equat~.onsY is the densify”~ftiefluid, % is the lengthof the chord,
w ‘theveloci-&yof the fluid,and g the accelerationof gavitY. Fur~e~-
morejsincethe angle a betweenthewind directionand the chordIs known,
the singleaihfoilIiftcoefficientCae, and &r* coefficientCwe can
be hmedia’tel~”chtainedfrom the followingequations

,, ..

cm = Cycosa --Cxt3ina
(3)

Cwe = Cxcosa + Cyahla

Sincethe fore~oingdr~ coefficientis obtainedfrom the.premmre distri-
butionit is &m.llerthanthe experiments&ragcoeffl~ipntby the mnount
of the surfacefriction,but for conveniencewj.J..l.s~~-llbe denotid~@?lY
as”the-dra~coefficient.

The lift and.draq coeff’ici~nt~ wre obtainedfrom the pressuredistri-
butions,althoughthis involvedcon~iderabledifficulty.Thiswas unavoida-
ble, liowever,becausbthe wind tunnelwas not providedwitha balance.

As in the case of the ~inQe airfoilthe pressuresoverthe airfoils
in cascadewere expressedin fractionsof the dynamicpressureat the in-
let emd plottedwith the chordand the per_pend.icul.arto it as c’oord,lnate
axes. FiSures8 to 10 showseveralof theseobtaineddiagrams. The static
preesureat the inletwas usedas a standardfor the pressuresover the
airfoils.

Figwe 8, with @l end al and thereforeaccordingto (1)also O
fixed,showsthe effectof t/Z on the pressuredistribution.It Is seen
that if t/Z Is smellthe pressurevariationis rathersteep,particulerls
for the case of t/2 = 0.75in whichthe trailingedge of the airfoilap-
proachesthe leadingedge of the airfoilon the ri$;htj(fig.1), the
negativayreseureis ~weatlyincreased.Again,in the neighborhoodof the
leadingedge as the latterapproachesthe trailinged+~eof the airfoilon
the left thereis a notableincreasein the negativeyressum. As M seen
by comparingfigure30 with figure8, thiseffectis increasedif ~ is
smalljsincethe airf<oilsthenapproacheach otherevenmore closely.
In the case in which t/Z is small,the considerablenegativepressure
arisingat the leadingedgehelpsto explainthe cavitationphenomenon
near the leadingedgeat the pressuresideof a marinepropellerand at
the inletof the spiralcas$ngof a pump.

Figure9 showstheyress~e distributionwith varying P1 and there-
fore @ for fixedvaluesof t/2 and a. As may be seenfrom this
figure,if al is not too large,the yressuredistribtitionand therefore
the lift coefficientis not greatlyaffectedby O.
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the change-izxpressuredistributionwith ui for
-and @l:”‘A‘tiompariEonwith the case of the single

airfoil“(fig.7) is of .co~sider~blein*rest*

The”dete~inationof the velociw ccmpments perpendicularand
parallel,respectively-,to the directionof the inletvelocity W1 from
the pres$uredistributionis the sameds fo??the singleairfoil. Since,
in thiscase,the inletvelociti WI Is’usedinsteadof w the coeffi-
cientsare all denotedwith a subscript 1, and equation(21becomes

wl=’ W12
x= c~lyl —

‘a y ‘CY=Y1=7 (2a)

The coefficientsCxx and Cyl qx-ed~terminedby grayhicalintegra-

tion,as in the case of the singleairfoil. The forcecompon@s re-
ferredto ’u.nitwidthof airfoilat rightamgles,and parallel,respecti@.y,
to the directionof W1 are

wh’ere o~l and Cwl, similarto the case of equation(3),.can be
obtainedfrom

Cal = Cy~cosal- C~einal

cw~ = Cxlcosal+ Cylsinal }
(Sa) -

As in the case of the airfoilcascade,the lift coefficientis taken
with resyectto the averageof the inletand outletvelocitiesw=
(fig.1). The forcecomponents,referredto unitwidthof the airfoil
at rightanglesand paralleljrespectively,to the directionof Wm are

Wmz Wmz
A = ca72— w = CW71 — (5)

2g 2g
..

frcmwhich Ca and Clr are obtained. Putting 13- 131= b gives

A = AZCOS8+ Wlsin8
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and substitutingrelatlono(4)and (5) in the foregoingequationresults
in !

Ca /l?12 ( c

(L WI
—=—- CoEib+ — )8inb
Cal W- Cal

Withinthe mnge of the ~sts cgnductedlargevalues of 8 did not
frequently;the value of tbe ratio CV~l/Calwas likewisesmall. More-
over,even in the ca~e in which Cal is very emall,the vaiueof
sin?/Cal from equation(10)and othereis considerablyless than1.
Hence,withouttoo greaterrorit is possibleto put

c ( W1 \2Etz_)

If 5 is smallit is possibleto

But
r Calwm

Wul -l?u2=—=—
t 2t

hence
Calww

W1 = Wm + --— Cospl
4t

1where I’= ~ Cazwm is the circulationaroundthe

substitutingequation(’7)in (6)and rearranging,

(6)

(7)

Wing ., Next, by

thereiQ obtained

a second~egreeequationin Ca/C~~. By setting

cos!3~‘= x’ (8)

——..
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and solvi~ the equation(8)for Ca/Cal, ,thereis obtained

Ca
—=

Cal

4(2-x- 2J1 - x)
(9)

x’

where the * signbeforethe smare rootwas chosenfrom the consideration
tkt. Ca/Cal= 1- for t/Z ‘-that is, x = 0. Eaving obtained Cal,=CIJ

is obtainedfrom equation(8)and Ca
(9).

can thenbe obtainedfrom equation

If 5 is small,it canbe obtainedfrom

Cal
6 ~~~fn~l=_ sinpl rad

2wm 2t

= 14.3 ~CaSinPz

and the angleof attack a can thenbe obtainedfrcm

a= al-~

Again,since

w = W1COS8- Alsin6

(lo)

(11 )

from

from

(4),(5),~d (6)

which Cw can be

The liftand drag

(12)
Ca

C~ = (C~~COSS - Ca~Sil15) —
Cal

obtained.

TESTW_ESUIUIS

caeamdcmcoefficientsC for the case of the.

x

singleairfoilwere obtainedfrom the pressuredistributionby graphical
integration,and the resultsare shownin figure11, Figures12 to 15
show theliftcoefficientfor the airfoa in cascade. In each case the

-——..-.—
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nun%erof alrfoilmueedwas five. &e lift coeffIclentwas obtainedfrom
..the-preewre dlq.tiibutionover t@ middlesectionof the’centerairfoil
and, as in figure11, Ca was plotteda&inst &e angle-ofattack u.
In orderto show @e ~asured pointsmore cleerlyon thesefigures,the

“ ordinates1s was shiftedfor the various values of e. Figures16 to 19
showthe curyesfor the ori@nal Tolnts.

.
Figure16gives the resultsfor t/Z = 2. For smallvaluesof the

lift coeffiGienta,4& curvespracticallymerge ipto one. It is seenthat
. the effectof...B.for the range 12.5°~ O S 25° is not large,but as e

increases}the maximumvalueattainedby the llft Goefficienttendsto
increase.. Xn”anycase,however?themaximumlift coefficientattainedis
ohlya lijrtl.esmallerthan.thatfor the singleairfoil. The angleof
attack.’forzerolift doesnot agreewith the correspondinganglefor the
singleairfoilbut Is shfftedtoward@ greaterV@_ue. The slopeof the
curveof lift againstangleof attackis greaterthan the slopefor the
singlealrfo’ilcase. Hence,in spiteof the shiftof the zero- lift
@e to the rightfor largevaluesof the lift coefficient,casesarise
wherethe latteris equalto or greaterthan the lift coefficientfor

. the singleairfoil.
,,-. .

Figure17 s’howe the casefor t/7 = 1.5. The curvesshowthe’seine
-..tendencyas for t/2 =2, but f3incethe airfoilsare now closer,the
‘interferenceeffectis greaterthanin the precedingcase. The slope
of.theliftcqrveis steeper,themaximumlift coefficientsare smaller,
and the zermll.ftangleof atta”cliis greate”r.

.,
E@are 18 showsthe casefor t/1 = 1. The slopesof the lift

curves-e st~l greater,themaximumlift coefficientssmaller,and the
zerrlift angle,of attackgreater. For t/Z = 2 and t/t =1.5 the
zero-lifte@e of attackis ract~csllyconstantfor any valueof f3

20withinthe range ‘12.5°~ 0 -25 , but for t/1 = 1 the effectof e is
evtdent,becoq@g more markedwith decreasing e. Althoughthe slopeof
the lift-coefficientcurvesis steepfor smallvaluesof the lift coeffi-
cient,end’the zero-l$f’tangleof “attackis largeas comparedwith that
of the singleairfoil,the curvesdo not intersectthe curvefor the
singleairfoiliu the range12.5o=@<2500 Hence theratio Ch/Cae

“ for thiecase is always less than1.

FigureZ9 showsthe resultsfor t/Z = 0.75. Since in thiscase
the airfoilsare much closertogether,the ctiv,esshowa different

. characterthanfor theprevious.@y#ecases,.Especiallyfw smal,Ivalues
of e sincethe~airfoilsapproachea@ othbrwMll more, the dl’fferent
-tendencyis marked: For smEQJ.valuesof the lift coefficientthe curves
resemblethosefor ‘ t/2’< 1. ,,

.!
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From the foregoingreeultsit iB seeflthattith decreasing t/3 the
zero-liftangleof attackis shiftedtowardgreatervalues~ Furthermore,
the effectof Q is evidentfor smallvalw3t3of t/2 u namely,lanao~75~,
To showclearlythe variat%onof the amountof this shift,the difference
betweenthe zero-liftangles”f~ the cascadeand the singleairfoilwas
plottedagainst t/2, as shonmin figure20S The follomg consfderat$on
may be givenas the reasonfor this shiftin the angleof attackfor z~ro
lift. ~ usingan airfoilsectionof thicknessand cambersuchag are
met in an airpbne wing in a retardedflow cascade,the effectof the
nei@boring airfoilis obta~ed as t/1 becomessmaller(in fig~1 the
effectof the flow alcmgthe back of the nei@boring airfoil$o the lef~).
Actuallythe directionof the i’lowatthe i.rQetdlfferaby a.%wa$langle
from the directionof the flowat a greatdistan~eoTh3s effectis more
markedas t/2 beccxness@13.erand increaGeswith mnal.le$“6. This is
clearlyin goodagreementwith $ho testresults,as te seenin f$we 20Q.
This alsoexplainsthe largenegative’preseurenear the headingedgeof
the surface.

It is generallyassumedthatfor small t/Z the dtrgctionof the
flowat the o&Jet agreeswitlnthe di~ectionof’the tangentat the outlet
edge. This IS in completeapyeementwiththe vesultso’~tainedby,Weinlg
(reference4) on the flat--platecascadefor t~t< 0.7. ~ this assump-
ttonwere also&ue for a cascadeof airfoil~hevingthickneesand camber
for small t/2 and the outletf’lcwwheroin the direction‘&’the tangent -
to the outletedge,the changesin the inlet and outlet‘directim’mwould
be very-smalland the lift theref~e youldbe zero. Hence the zero-lift
angleof attack,as t/2 graduallybecomessmaller,must agreewith the
directionof the outletedge. For the caecadesof airfoilsused in these
teststhe--directionof the outletedge correspondedto an angleof attack
of about-8.80,but as t/2 ‘becamesmallerthe zero-liftangleof attack

8 80. On the contrary,aEIshownclearlyinhad no tendencyto epprcach- .
figures15 to 20, it moved in the oppositedirection.This can be under-
stoodby cormiderationof figure21, showinga retardedflow cascadeof
airfoilsfor the ca~ewhere t/2 and f3 are both small. Althou@ t/2
is small,the sffect”of%hickneesand camberis suchthat the outlet-flow
directiondoesnot necessarilyagreewiththe directtonof the outlet
edges.

The zero-liftangleof attackfor the retardedflow oascadeof air”
foilsie considerablygreaterthan the anglecon?espondingto the Bin e

?airfoil,and in findingthe interferencecoefficientor the ratio Ca Cae

an importantre~tion ts obta~edo If thisratiofollowinggeneral
&actice (referenceg) ig takepfor the sameangleof attack$the inter-
ferencecoefficienteven’for t/2 and e fixed.varies~ea’tlywiththe
angb of atmok and @ certainlynot constmt. The pointtill be dis~
cussedbelow*
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It shouldbe
c’oeffictentf’or’a
awfoll. If only

11

observedthata far aer value for the maximumL$ft
retardedflow cascadewas obtainedthanfor the Mingle
thO-‘t06t3?eSUlt8 for- the siI@.g a~fofl. =EI co~~aered

and the impeller-designedby uBingthe valueo?.the lift coefficien+zon
the assumptionthat it 1s sufficientlyacGurate,tie expectqdlift coeffi--
cientwillbe greaterthan themaximumllf~ coefficientcorrespondingto
the valuesof t/Z and (3-forthe fmpellerunderconsiderationBlnce
accordingto‘thetestresults~ivh’tbe case of small t/2 mustbe
considered.C. Keller (reference9), usingthe value ‘t/Z= 1.39for’the
blade tip‘ofthe 3mpellerand t/Z G 0.97near the middleand the respec-
tive values Ca = 0.845 end 1.0 tncomputlnga fan with smell<t/1,
obtainedreeu.ltsentirely”at variancewith testresults. The reaeonii to
be foundin the considerationsdiscussed.

.,,

The outletvelocityof a retarded-flowcaecadeis smallerthanthe
inletvelocityand, sincethisgivesrtse to a differenceIn pressure,
the flowsl.ongthe tiaillngedge of’theairfoiltU more Btxongly,retarded
as comparedwith thatof a sii@leairfoil.Since the flew is In ‘b .
directionof increasingpreemre, separationmust also occurearlterthan
for the stngle.airfoil.Th18expla_ln$why themaxizuumlift coefficient
for the”retarcledflow cascadeis considerably.less thanthatfor the single
alrfoll.

The dragcoefficientssre gtvenin figures22 to 25. 411 valueswem
obtainedfrom the pressuredistributionover the centersectionof the
centerairfoilof a ~-bladecascadeend, to bring out the.te~tpoints
clearly,the abscissaaxiswas displacedfor each differentvalueof e.
For conveniencein ccmparisonjthe original,pointeere given in figures
26 to 29. For comparison,thedragcoefficientfor the singleairfoilis
givenby the dottedcurvesnmrked t/2 =~. In all casee,the drag coeffi-
cientfor the cascadeis greaterthanfor the singleairfoil.,Its
smallestvaluefor t/2 = 2 and t/Z = 1.5, for whichthe spacingIs
somewhatgreater-thanthe smallestvaluefor the singleafifoil,and tie
differenceincreasesfor t/2 = 1 and 0.75 as the spacingbecomea
smaller. Furthermore,for smallangleof attack (negativevalue) Cw
I,Ml’easeswith decreasing t/2. For largeangleof attack Cw increases

~.decreasing..9. For large.hngleof attack Cw is &eater for t/2.= 1.5
thanfor “t/2= 2. As the spacingbecomescloser,the effectof e

becomes more marked. For small e and increasingangleof attack, Cw

xapicllyincreases,but for large G the rate of increaseis smaller.
For t/Z * 1 ‘md 0.75and l&rge d Cw is smallerthanfor t/2 =1.5
fo~:l.dgeanglesof attack.

.,
. . .,,. .,,.
..-!.

Ae’ t/Z becomesless t&n ~ and.thebladesapproacheach otherthe
‘&&g coefficientincreases.As’&be seenfrom the presquredistribution
curveof~fi@e.8 fbr the caseof t/Z ~ 0.75 as the pressureIS gradwy
recoveredon the back of the wing the latterreceivesthe effectQf ~
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. ,..
@$ghhoring @pg z%s”ti.tingin’a-loweYedpressure,increqsbdresistanced
theback side,and hance.increened?J-aScoefficient.The drag coefficient
forthe case of t/2-= 0:75 is pai%icularlyaffected.bythe valueof @.
When .6 is smnll,sincethe atrfollsare the,nclosertogether,the in-
cre$smentioribdin the &qsistanceof thelack.of the wingbecome more
marked. Thtstecomesclearerwhen figure8 for t/Z = 0.75 is comyared
with fi3ur0 30. However, evenfor t/2”= 0.75 if e is large and the
distance%etween,theairfoilsrelativelygreater,thereis practically
no irmreaSein the r6sistmlceon theback of the atirfoiIand evenfor
largeangle~“ofattackthe dr% doesnot becomeso large. If the passage
.ar@nd each‘bladeZs consideredfor t/L = 0.75, it willbe seenthat
for the thicknessof sectionused theccmditlonswillbe more favorable
for Ierger e thanfor small e, so that the lossesare smallerand
hencethe drag i~ smaller.

For the mrmal operatingconditionsit is desirableso to determine
theMade settingthat the valueof theratio~f the draglto lift ceeffi-
cifdm c‘=cw/ca is the least.lossible.Accordingto theseconsidera-

t@na’the angld.of attackcorresponding.tothe smallest c varieswith
t/z and ‘e and differsfrcm the angleof attackcorrespondingthe least
v&l.ueof c for the singleairfoil.

The aboveresvltswere EiU for a
similartestshavebeen conductedfor
the resultsfor an infinitenumberof
author,with the objectof clarifying
sevenblades&3 nine bladesfor t/Z
tlz = 1.5. b each case the.llftand

f$ve-bladecascade. Practicallyall
fivebladeson the suppositionthat
bladesare therebyapproached.The
thispointcarriedout testswith
= 1 and with sevenblades,for ~
dragcoefficientswere obtained

f~om the-pressuredietiilnztion~at the ce~tersectionof the centerair-
foil exactl~as.,forthe case.offiveblades.

Figures3-1to 32 show the.resultsfor sevenand nineblades,
respectively,for tl?~case %/1 =1. In each case the axis of ordinates
was displ~cedin the samemanneras for figure14. Figures33 and 34
show the samecurvesnot displaced.For comparison,the dottedmrves
f,oy.thesin~e airfoilsindicatedby t/1 =~. ComparisonM thesefig-
ureswith figuz-e18 showsthat the liftcurvesgreatlyresembleeach other.
For SmSJJ lift coefficientthe slopeiS not m~h ~fectedbY the n~ber
of blades. As the numberof bladesIncreases,the whole’femilyof curves
isshiftedto the rt~ht. T%ls’shiftis shownmost clearlyby plotting
*he changeiri.thezero-liftan@8 of attack. In figure35 the difference
betweenthe.zero-liftangleof attackfor the singleairfoiland caecade
is plottedas the ordtiateaga$nstthenvmberof bladesas the absci~sa.

‘. 1we draghere.consideredwas.o~tainedfrom the yressuredistribution
and the dragdue to sk$nffiictionmustbe add@’to.obkin the me ~~
coefficient.. ‘ .,

1
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As may be,seenfrom the figurefor .t&=.1. thereis @me shiftin & li’ft
ctive.~orfive and bdvenbladesand.@ smallershift”for-#even”and nineblades;
whereas theresu%tb’.obtainedfor nineb~adqm~at’e.seen to appro~h”tie qas~,
of..an inf’~ite numberof blties. T@: msxiqmnlif+-coefficierktdecreases.
~,~~ tie inc~eaefign~bar”“of~~&deB , as W. differetief& se+en~’ nine
bla&s “fsless thahthatfor-?~-vb:tQ -seven,blades.To brin& out these”
res@.tamore clearly;the lift c~ve’sfor-f.ivej severi,‘end.nine.bladesend
for the singleWlade for the case @ which 0“= 20° are shoti-1Pftgure36,,

,.

~.Fi&re 37 shows.tie rebtih foreeven bladedf& %/~
..

~“1,~~:me “:
nunber.oftest.ointsis unfortunatelyemall~but by“r~fe~~ngto @ . v

rres~ts.fo? t z = 1.~ and five%lade~am$ t/:1.=~1 with a ‘@eEzter .
nuniber.ofbladesthe curvesof f@ur&~37”couldeasilybe bons-ted. -.‘~
Comp~ed’’.@tifi~ureL7, the curves,&f lift coefficientaga$nsli@le, pf
attaokwe shiftea sohwwhatto the r~ght. The Increaeein the zer=l~t .
an@e of attackqbove’thatfor the 8in@e aiyfoil is shownbg the ~otte~.,..
cul% In figure39. The shiftin the lift cw%e when theinimberof bl~es
increasesfromfIve to sevenis seen to be xiuchleesfor t/Z = 1.5 than
for %/1 = I. The maximumliftc~efftcient for sevenblades~is smaller.-
thanthatfor fiveblades. Theserelat30n&can alsobe seenfrom the ‘-
exampleshownin figure38. ‘> .

-.

The dr~ ccefficientfor %/2i 1 and t/2 = 1.t i6,npt appreciably
affectedby thenumberof blades,approximatelythe samevaluesbeing
obtainedas ‘forthe case of fivebladee.

S.lncethenwriierof bladesof an tipellerof any inetallatkmc&- .
not be convenientlyincreasedand testsconducted,it is con~id~red”that
the precedi~ testresultsprovideinformationas to the resultsfor an

.,

valueof Ca/Cae has been

infinitenumberof blades.

.. ,

DISCUSSIONC@’IIESUL~

,

For-theflat-plate”cascadethe theoretical

I

givenby Numachl(reference3), Weinig (rpference~), and sclV.@uMl .
(referenG@5) as a functionof t/Z and 0. The followirgfigureeand
tableare takenfrom thepapersof theseauthors.

..

We@ig o~tainedthe interferencecoefficientfrop the Isocline~ans- .“
formation,and his resultsELTeIn good agreementwith the valuesobtained
by an approximatemetbodby Schilhan.sl.This int.erference”coefficient
for the flat-platecascadehas a fixedvaluefor-fixed t/1 -d 13 .
IrreepecttveOf the angleof attack. Z* is generallyasswnedthatthese , ‘
approximateTesultsbold &ue alsofor dascadesof airfoilshavhg thick- F-
ness and camber. For an airfoilh~sc”adewith thicknessand camberthe
questionis what”eett$ngtodioose so that it is equivalent* the 19 of



the flat-platecaecade.-.Sincefor a $lat-platecascade,if the inletflow
“isin the direction-ofthe Qlated,thatI.&,zeroangleof attack,there

“’is no lift,it wouldseemlo~icalfor the cas6~ a cascadeof airfoils
with thidcnessand camberto takethe e@glebetweenthe inletflow and
-the~ascadedikectlonfor zeroiif~ as the equivalent G of the.flat-plate
~aseade. ~ig “directionis not,.h&~r, a ch&acteristi~dire~$j.~nOf
airfoiland, as olearlyshown,bj the authortstests,is effectedby t/Z

.. and ~. .L~&o~h EWMS differencearisesbwtweenthe valueof 9 as
determinedfrom the anglebetweenthe zere-liftdirectionand the cascade
axis on the one hand and between@e chordand the cascadeaxis on the

\
otherzat any rate withinthe scopeof thesetests,’”the theoreticalmlm
of Ca/Cae”must necessarilybe.,~eateY than1 end particularlyfor

@lAL2 @ = 1 and mall 0 it must be ratherlarge. On comparingfi~ures
~ 16’tb i9 wi@~~ however,it is c~earthat the testreetitsare not

I ,

~~hi ‘ inentiroa&eementwith {he theo~. Thus the flat-plate-cascadetheory
is not entirelyapplicabled~ectly to q r@arded-flowcascadeof airfoils

~ havtngfinitethtckne% and camber.,

In figures12 to 19 the dottedcume~ show the theoretical.lift .
curvesas obtainedfrom the.results of Welnigfor Ca/Cae as a functi~on

of t/Z tid @o, where ~. denotesthe anglebeimeemthe zero-lift

.directionand the cascadeaxis. The curveswere shiftedto therightso
as to startfrom the point of zerolift. As may be seenfrom the curves
if thisparallelshiftis allowed’$or,the testremil.tsare in general.
agreementwith the theoretical,Closerccnslderatlonshows,however,
thatfor smillexperimentallift coefficientand fixed t/? the slo~e
of the liftcwves is not greatlyaffectedby the valueof 190, the

slopebeccmingsomewhatlargerwhen e. Is large. AS seenfrom teble1

the theoreticalCa/Cae tecomessmallerfor the flat-platecascadeas

00 becomes larger. Thus the best agreementof the theoreticalresults

with the author’stestsfor any valueof t/t is generallyfor a valueof
0 betweenthe chordand the cascadeaxis in the neighborhoodof 15°. In
otherwor,ds,the theoreticaland e~erimenta.1valuesfor the range
0.75S t/2 < 2 are in approximate agreement In the neighborhoodof
e = 150. This is of great advantage in cm?rying over the test results
for a sing2eafifoilto a cascadeof airfoils.

Figure39 showsa representative exampleof the reeul.tsof Christian
on retardedflow cascades(reference6). For comparism, them is also
giventhelift-coefficientcurve (siown’dotted)obtatnedby the same
authorfor the singleairfoilof eection(%ttingenNo. k30. The curve,
correctedfor two-dimensionalflowwas takenfrom the G&ttipgenreport
(reference10); The resultshaveall been ob@ined for fiveblades,
sinceeach’c~ve was drawnfor fixed t~l and PI but with”v~ying.uz
and hencevarying “8 no directcomparisoncouldbe made,but it is seen
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in generalthatthe resultstendto agreewith thoeeof the author. The
curvefor t/t = 1.07,P1 = 33041’ differsfrom thatfor t/Z = 1.16,
PI = 59003t whichis In closeagreementwith the curvefor the single
airfoilalthou@ t/1 is approximately1. But sznce ~1 in the latter
casewas outsidethe rangeof tie autidrtstests,no comparisonC* be
made.

Figure40 SHOWSthe test~sults of Keller(reference9) on a five-
blad.ecascaiie’fort/Z = 1.19 and pl =’23°20T. The shiftof the cascade
to the rightof’the curvefor the singleairfoil(@ough the amount@f
the shiftis sonewkatsmallerthanthat obtainedby the present’author)
and the srgal.lerm,~imumliftcoefficientare in entireagreementwith our
testresults. The testresuJ.ts@ Ober obtiinpdat the.kfassachusetts
In~tituteof Technologyon a five-bladecascadeof eymmetricPection
(GottingenNo. ]+29)werebrief~ describedbyMarks (refermce11).
Althoughtheeeresultswere not too accurate,they tend to agreegeneral
with thoseof the author.

Xn the testsof OtBrien(reference12) on a propellerpumpfor a
spacing t/1 = 1.7 the liftcoefficientfor the singleairfoilwas used
and the computedresultson the voiumeflow of waterwere reportedto
agreeapproximatelywith the testresults. Keller(reference9) “measured
the velocityat the inletand the outletof an axial-flowfan amd obtained
the liftand dragcoefficientsfor the o~eratingconditions.By making
use of thoseresultsand eliminatingthe effectof the rotationalvelocity
componentdue to the drag,the liftcoefficientwas obtainedas shownin
i’igure41. For compai”isonthereis alsogiventhe lift coefficientfor
the singleairfoiltakenfrom theG6ttingenreport(reference13). As
may be seenfnotithe figure,for the caseof t/Z = 1.33 Ca is scmkwhat

smaller,but for t/Z = 1.76 to 3.20 thereis general agreement with
the single airfoil.

In plotting’thepressureof a pro~ellerfan againstthe volumeflow,
a discontlquityis oftenobtainedwhen the flow is small. Accordingto
the teets-ofMa&ks (referenceIi) sincethe angleof attackat any section
of theairfoilis smallerthqnthe angleof attackof the singleairfoil
at whichb~-blingarises,thisphenomenoncanno-tbe explainedby burbli~.
Accordingto the presentauthor*stestsflowbreakdownarisesrelatively
earlierin a retarded-flowcascadeas comparedwith the pipgleairfoil
ar.d.,aince
it can be

. ..

..

tha phenomenonis alsoaccompaniedby
explainedsatisfactorilyby burbling.

.,

. .. .

noise,it 1s believedthat

,...,
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CONCLUSIONS

TestEwere conductedin a wind tunnelof squareexi-tcone 53 centi-
meterson a side. The testsgenerallywere conductedfor caecadesof
five airfoil.~,but sone ‘Lestswereconductedwith sevenand mine airfoils,
From the yrossuredistributionoverthe centersectionthe liftand drag
coefficients(thedrag coefficient~due to the pressuredistribution)
oti.were obtained. By comparing’thesewith the valuesobtainedfor the
singleairfoj.1,variousinterestingresultswere obtajned,

The tests were conducted for the ranges0.7’5~t/2S 2, 10°S ~= 30°,
and the generalresultsobtainedwere as follows:

1. At the pressure side of the ai~oil there is a negative pressure
reg:onj and the negative yressure increases as t/Z becomes smaller; ,

For t/2 = 0.rr5when the blades”are closeto etch otherlow pressure
will also cccurat the part of the airfoilwhere the leadingedge of the
followingone is nearestto it. In bothreGionsthe negattvepressure
j.mcreasesas 9 becomessmaller.

‘2. The iift-coefficient curve i3 shifted to The right”ascompared
with the curvefor the singleairfoil. The anglecorrespondingto
zerolift therefore1s greaterthanfor the singleairfoil,the amount
of the increasebecomingl&’geras t/Z-becomessmaller;moreover,for
small t/Z thereis also th~ effectof e.

3. The slopeof the lift-coefficientcurvefor smallvaluesof the
lift coefficientbecomeslar~erwith decreasing t/2, whereas 19 aTpears
to have littleeffecton the slope.

4. The maximum-liftcoefflciert,0: the retarded-flowcascadeof aiP
foil$is s~a].lerthanfor the singleairfoiland dccrcascswith t/t.
For thisreason,in designingd pro~ellerpump or fan imyellerthe
resultsfrom testson single*airfoilscannotbe a@ied directly.

5. Tl@ theoryof the flat-platecascadecanmt be ap@ied directly
‘ to a cascadeof airf’oil.shavingthicknessand camber. ‘

5. ‘Tpeslope of tine lift-coefficj.ent curves agrees fai~ly well with

the theoretical’valuefor the flat@ate cascade,the agreement being
quite good ~n the neighborhoodof e = 150, but not so goodfor other
valuesof e. The agreementis alsonot very good when tjl iS Sl&~.

7. The testresultsof Keller,Marks,and otherson propellerpumps
and farma:~reewitlnthe resultsof the presenttests.



NAC.AT14NO..1190

8. The.drag Coefficientfor
tken thatfor the singleairfoii
a largeangle of attackthe-drag

the ‘.re*ded<low c~cadB 28 greeter; .
and increases”with decreasing t/1. I?or
eoef$icS.emtdecreasesas 6 “incredms,

and partictiarlywhen I/l is &mill the effect of 13 Is large.

9. The resultsobtaimd o~theqlne-atifoilcascade$cw?,t~~= 1 .
and on the sovq=irfoil cqscadi+for .t~tq 2.5 mqy be cowide-red.to
approachthe respl.tsfsr’aninfinitenumbeY.ofblades-.T!@ liftcurves
for the seven-and nine-wirfoilGascadesfor fixed t/Z and: ~ closely
resemblethe curvesfor the five-b~mlecascade. The drag coefficientis
not greqtly~fected.,bythe increase”tnthe nunibdrbf airfpila~’as thu’ .‘
result wae approximately the same for.tbe f.ive=bliad~ cascade.i .

.,.. ,. ,,
.,>
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Figure 4.-Arrangement of the
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